Temperature and composition dependence of photoluminescence dynamics in CdSxSe1−x (0≤x≤1) nanobelts J. Appl. Phys. 111, 073112 (2012) Spectra of Rashba-and Dresselhaus-type circular photogalvanic effect at inter-band excitation in GaAs/AlGaAs quantum wells and their behaviors under external strain Appl. Phys. Lett. 100, 152110 (2012) One-photon band gap engineering of borate glass doped with ZnO for photonics applications J. Appl. Phys. 111, 073506 (2012) Resonant energy transfer assisted by off-diagonal coupling J. Chem. Phys. 136, 124513 (2012) Additional information on J. Appl. Phys. Excitonic recombination processes in high quality CuInSe 2 single crystals have been studied by photoluminescence (PL) and reflectance spectroscopy as a function of excitation powers and temperature. Excitation power dependent measurements confirm the identification of well-resolved A and B free excitons in the PL spectra and analysis of the temperature quenching of these lines provides values for activation energies. These are found to vary from sample to sample, with values of 12.5 and 18.4 meV for the A and B excitons, respectively, in the one showing the highest quality spectra. Analysis of the temperature and power dependent PL spectra from the bound excitonic lines, labelled M1, M2, and M3 appearing in multiplets points to a likely assignment of the hole involved in each case. The M1 excitons appear to involve a conduction band electron and a hole from the B valence band hole. In contrast, an A valence band hole appears to be involved for the M2 and M3 excitons. In addition, the M1 exciton multiplet seems to be due to the radiative recombination of excitons bound to shallow hydrogenic defects, whereas the excitons involved in M2 and M3 are bound to more complex defects. In contrast to the M1 exciton multiplet, the excitonic lines of M2 and M3 saturate at high excitation powers suggesting that the concentration of the defects involved is low.
I. INTRODUCTION
CuInSe 2 is a I-III-VI 2 compound semiconductor with the chalcopyrite structure. It exhibits favourable properties for application as an absorber layer in thin film solar cells, such as a direct band gap near 1.05 eV and an absorption coefficient exceeding 10 5 cm
À1
. Recently, CuInSe 2 -based photovoltaic devices have demonstrated efficiencies of $20%, 1 which is the highest performance amongst polycrystalline thin-film solar cell technologies. However, this value is still below the 30% predicted theoretically for a single junction solar cell. 2 Further improvements of the efficiencies will be facilitated by a deeper understanding of the fundamental electronic material properties, in particular the nature of defects.
The chalcopyrite structure of CuInSe 2 involves different chemical bond lengths for Cu-Se and In-Se, which creates a tetragonal distortion. 3 This splits the triply degenerated valence band into the three sub-bands A, B, and C. The splitting can be described in terms of the quasicubic model 4 as the simultaneous influence of the non-cubic crystal-field and the spin-orbit interaction. The tetragonal distortion, s, is given by (1 À c/2a), where c and a are the lattice constants, and has a small negative value (À0.5%) for the CuInSe 2 single crystals studied here. The negative s value inverts the valence subband symmetry sequence compared to the other chalcopyrites, placing the U 6v symmetry valence sub-band (A) uppermost and the U 7v sub-band (B) next. The free excitons corresponding to the A and B valence sub-bands have been observed in optical reflectivity (OR) 5, 6 and photoluminescence (PL) 7, 8 spectra and their selection rules have been clarified. The optical properties of CuInSe 2 are controlled by intrinsic defects. Small deviations from the ideal stoichiometry result in a wide variety of such defects, 9 leading to challenges in their identification. 10 Optical spectroscopy is one of the most powerful tools to study the defects in semiconductors. However, the reported photoluminescence spectra of CuInSe 2 mostly exhibit bandimpurity (BI), donor-acceptor pair (DAP), and band-tail related recombination. [11] [12] [13] [14] [15] This suggests that these studies involve material containing high concentrations of defects. If charged, such defects produce potential fluctuations causing broadening of the PL lines. The large spectral widths that result make it difficult to accurately determine the energy levels of the defect within the band gap. In the case of DAP transitions, the involvement of two different defects further complicates their identification. In addition, screening effects caused by high concentrations of charge carriers add to the scatter of measured defect energy levels in the band gap. 10 Study of the optical properties of excitonic states can provide reliable information on the electronic properties 8, 16, 17 and the nature of defects. 18 So far, there are only a few reports on CuInSe 2 with clearly resolved excitonic features. 7, [19] [20] [21] Temperature and excitation power dependent PL measurements of such excitonic features would provide important information about the free excitons and on the nature of defects associated with the bound excitons. 22, 23 Yakushev et al. 24 reported an analysis of the temperature and excitation power dependence of the free excitons associated with the A and B valence sub-bands, and of the first three bound excitons. Although the quality of the CuInSe 2 in that investigation was high enough to resolve the A and B free excitons, the resolution of the different bound exciton lines was limited. In this report, we present a study of CuInSe 2 single crystals of improved structural quality, as demonstrated by PL spectra revealing significantly sharper excitonic lines. A detailed analysis of the excitation power and temperature dependence of the bound and free exciton PL lines is presented.
II. EXPERIMENT
Bulk single crystals of CuInSe 2 were cleaved from the central part of an ingot grown by the vertical Bridgman technique from a near stoichiometric mix of the high purity elements Cu, In, and Se. 25 The elemental composition of the crystals, measured by energy dispersive x-ray analysis, was close to ideal stoichiometry (Cu: 24.9, In: 24.9, and Se: 50.2 at. %). Cleaved surfaces of the CuInSe 2 single crystals were examined using temperature and excitation power dependent PL measurements and OR at 4.5 K. Excitation power dependent PL measurements were performed at 4.2 K at the Grenoble High Magnetic Field Laboratory, using a liquid Helium (He) bath cryostat. Optical fibres were used to transport the unpolarised 514 nm line of an Ar þ laser to the sample for excitation and the PL to the entrance slits of a 0.5 m spectrometer with an InGaAs array detector. The excitation power was varied from 5 to 30 mW which corresponds to power densities from 16 to 100 W/cm 2 . The liquid He bath cryostat, with the samples surrounded by He vapour, minimises heating of the sample with increasing excitation power, as confirmed by the very small increases in the spectral widths of the PL lines and minimal shift of their spectral positions. The spectral resolution was determined to be 0.14 meV for the excitation power dependent PL.
The OR and temperature dependent PL measurements were performed at the University of Strathclyde. The unpolarised 514 nm line of an Ar þ laser was again employed as the PL excitation source; whilst for the OR measurements, a 100 W tungsten halogen lamp was used. The spectral resolution was determined to be 0.07 meV for the OR and 0.2 meV for the temperature dependent PL. The spectral position of the lines was determined with an accuracy of 0.2 meV. In order to take temperature dependent PL spectra, the samples were mounted in a closed-cycle cryostat, allowing the temperature to be varied from 4.5 to 300 K.
III. RESULTS AND DISCUSSION

A. Excitons in CuInSe 2
The near band-edge OR and PL spectra taken at 4.5 and 4.2 K, respectively, are shown in Fig. 1 . The OR spectrum, Fig. 1(a) , contains two prominent resonances due to the A and B free excitons. This allows the two lines in the PL spectrum appearing at similar energies to be assigned to radiative recombination of free excitons associated with the A and B valence sub-bands. The A and B lines occur at 1.0416 and 1.0451 eV, respectively.
In addition to the free exciton lines, the PL spectrum reveals a number of sharp lines labelled M1 to M7. Some of these lines have been observed earlier 7, 20, 21, 26 and tentatively assigned to ground and excited states of excitons bound to shallow defects. The excitons appear as multiplets and the highest intensity lines are labelled as M1 (1.0383 eV), M2 (1.0358 eV), M3 (1.0341 eV), M5 (1.0282 eV), M6 (1.0174 eV), and M7 (1.0046 eV), using the notations introduced previously. 21, 26 For a detailed analysis of the CuInSe 2 PL spectra, the lines have been fitted with Lorentzian curves using the Levenberg-Marquardt least-square fitting method, as shown in Fig. 2 . Generally, the line width of an exciton is determined by processes which limit the time that the exciton spends in the k ¼ 0 state, including phonon scattering. For weak exciton-phonon coupling, the line shape can be described by a Lorentzian curve, whereas a Gaussian curve occurs where there is strong exciton-phonon coupling. 27 In addition, crystal imperfections, impurities, and strain can cause inhomogeneous broadening of the exciton line. If this type of broadening occurs, the observed line will resemble a Gaussian line shape. 28 Therefore, the Lorentzian shape of the observed excitonic PL lines suggests low exciton-phonon coupling and a low concentration of crystal imperfections and impurities. A Gaussian line shape of the A and B free exciton lines was reported by Chatraphorn et al. 7 and should be attributed to a high concentration of defects rather than strong exciton-phonon coupling. IV and M3 II , are not resolved but without them the overall fit deviates noticeably from the data. Activation energies are not estimated for the weakly resolved peaks but they are included in the excitation power dependence.
In addition, a broad and poorly resolved PL line, labelled as AB in Fig. 2 , appears at 1.0435 eV between the two free exciton lines. This PL line could be tentatively associated with an unresolved polaritonic structure of the A and B free excitons. Polariton splitting of the A free exciton has been reported for CuInS 2 . 29 On the other hand, the AB line could be due to the radiative recombination of a biexciton related to the B free exciton. Biexciton recombination of the A free exciton has been observed in CuInS 2 by Wakita et al.
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The accuracy of the obtained fitting parameters as well as the quality of the fit is indicated by the square of the correlation coefficient R 2 ¼ 0.9987, whose value is very close to unity.
However, with increasing temperatures the spectral position as well as the width of the excitonic lines changes and it becomes more difficult to obtain accurate fitting information for the less resolved and/or low intensity lines such as AB, M1  III , M1   II   , M2   IV   ; M2  II , M3  II , and M3 I . The spectral positions and full width at half maximum (FWHM) of all the lines included in the fit to the PL spectrum in Fig. 2 , are shown in Table I . The FWHM of the M lines varies between 0.4 and 0.9 meV, whereas it is about 1.4 meV for the A and B free excitons and 1.8 meV for the AB line. The small value of the FWHM of the M lines suggests that they are of bound excitonic nature.
The assignment of the M lines in Fig. 2 to phonon replica can be ruled out at this point. Tanino et al. 31 reported a minimum phonon energy of 7.44 meV for optical and acoustical phonons in CuInSe 2 , whereas the examined spectral region is of about 7.6 meV.
In order to clarify the nature of the excitonic lines shown in Fig. 2 , excitation power and temperature dependent PL measurements have been performed. directly proportional to the total number of excitons, which in turn depends on the product of the number of holes and electrons, each of which is proportional to the excitation power P. 32 Since bound excitons are in thermal equilibrium with free excitons, the concentration of bound excitons is proportional to that of free excitons. 33 Therefore, values of k between 1 and 2 are also expected for bound exciton transitions, assuming the concentration of defects is high enough and no saturation occurs. For the A and B free excitons, the AB line as well as for the components of the M1 bound exciton, power coefficients 1 < k 1 < 2 have been determined, as summarised in Table I . The dependence of the integrated intensity on the excitation power of the A, B, AB, and M1 excitonic lines does not show any saturation which confirms that the sample temperature did not rise with increasing excitation and also indicates that the concentration of defects involved in the M1 bound exciton formation is high.
For the bound excitons involved in the M2 and M3 multiplets, with the exception of M2 IV , the power coefficients are smaller than unity. In addition, Fig. 4 shows a change in the excitation power dependence of the integrated intensity for these lines for powers above about 20 mW. The k coefficients for the M2 and M3 excitonic multiplets are summarised in Table I , where k 1 corresponds to excitation powers below 20 mW and k 2 to excitation powers above 20 mW. Weber et al. 23 have reported similar behaviour, namely changes of the slope of the line in the logarithmic plot and k < 1, for excitons bound to isoelectronic defects in silicon. These similarities suggest that the M2 and M3 luminescence might originate from excitons bound to isoelectronic defects.
Isoelectronic traps first capture a charge carrier to form an intermediate charged state which then attracts the opposite charge carrier forming a bound exciton. The number of excitons bound to isoelectronic defects is proportional to the concentration of either the electrons or holes and the number of defects, which produces a linear dependence of PL intensity on excitation power (k 1). The change of slope at higher excitation powers can be explained by the saturation of the defects involved. In silicon, these defects are foreign atoms isoelectronically substituting host atoms, binding either holes or electrons to form a state in the forbidden gap. 34 For the chalcopyrite compound CuInS 2 , which is closely related to CuInSe 2 , Krustok et al. 35 reported emission of excitons bound to defects acting as isoelectronic traps, which were closely situated donor-acceptor pairs acting as neutral centers.
As seen in Fig. 4(a) , the excitation power dependence of the M2 IV line differs from that of the other excitonic components of M2. A power coefficient k > 1 was obtained and M2
IV does not saturate above 20 mW. These properties resemble those of the M1 excitons which indicate that M2 IV could be another M1 excitonic component or a separate exciton.
Thus our excitation power dependent PL measurements show that the A, AB, and B lines can be associated with free excitons, whereas the M1 components are excitons bound to shallow hydrogenic defects which have a high concentration. With the exception of M2 IV , the components of the M2 and M3 excitons seem to be bound to more complex defects which may have an isoelectronic nature and whose concentrations are lower than those associated with the M1 exciton.
C. Temperature dependence
The temperature evolution of the PL spectra has been studied for a number of CuInSe 2 single crystals. Figure 5 shows the evolution of the near band-edge PL spectrum with temperature increasing from 5 to 60 K for the highest quality sample. The rapid thermal quenching of the M lines confirms 
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their assignment to the radiative recombination of bound excitons. 7, 20, 21, 26 In contrast to the M lines, the intensities of the A and B peaks decrease more slowly with increasing temperature and are still present at 60 K. This behaviour confirms the assignment of the A and B lines to free excitons associated with the A and B valence sub-bands.
The different M-lines are seen to quench at different rates. Fig. 5 shows that the M2 and M3 lines have nearly disappeared by about 26 K, whereas the M1 lines are still visible up to about 45 K. The M1 multiplet has a spectral position very close to that of the A free exciton and, if these excitons are associated with the A valence-band, a fast thermal quenching of the M1 lines would be expected. Their slow quenching suggests that a free exciton associated with the B valence sub-band is involved in the formation of the M1 bound exciton, as will be discussed further below.
With increasing temperature, the PL lines change their spectral positions and broaden. Therefore, the following more detailed analysis has been restricted to the most intense and clearly resolved excitonic PL lines: B, A, M1
III , M2 II , M2, and M3. Fig. 6(a) plots the integrated intensity of the A and B free exciton lines versus inverse sample temperature. The temperature quenching of excitonic lines is due to the thermally activated depopulation of the excitonic level and/or to the activation of nonradiative recombination centres. An Arrhenius plot can be used to determine the activation energies E a1 of the processes involved. Assuming only one nonradiative activation channel, the dependence of the integrated intensity I on the temperature T can be described by 36 IðTÞ ¼ I 0 =½1 þ a 1 expðÀE a1 =k B TÞ;
Free excitons
( 1) where I 0 is the emission intensity at the lowest temperature, a 1 is the process rate parameter, E a1 is the activation energy, and k B is the Boltzmann constant. Measurements on other semiconductor materials, such as GaN, have demonstrated values of activation energies for the A exciton that are closely matched to the binding energy of the A exciton. 36 The values of E a1 and a 1 obtained by the least-square fit of our CuInSe 2 data shown in Fig. 6 are given in Table I . The best fit to the experimental points for the A exciton in this CuInSe 2 single crystal yields an activation energy of 12.5 meV. Chatraphorn et al.
7 determined a value of 12 meV for the activation energy of the A exciton which is in good agreement with this value. However, our temperature quenching analysis of the A free exciton line of lower quality CuInSe 2 crystals resulted in smaller activation energies with a minimum value of about 6 meV. In addition, Yakushev et al. 24 reported an activation energy of 7.7 meV for a CuInSe 2 sample of a lower quality. Thus, values for E a1 for this material are spread over quite a range and are not well matched to the value of the binding energy of the A free exciton, which has been determined as 8.5 meV from the spectral position of the excited states. 8 The temperature dependence of the integrated intensity of the B exciton has also been fitted using Eq. (1). An activation energy of 18.4 meV was obtained for the highest quality CuInSe 2 single crystal, whereas smaller values down to 7 meV were determined for crystals of lower quality. Literature values of the B exciton activation energy determined from the temperature quenching, range from 7.9 (Ref. 24) to 17 meV. 7 As with the A exciton, the value of the binding energy of the B exciton (8.4 meV Ref. 8) occurs at a considerably lower energy than E a1 for the best crystals.
There are a number of possible explanations for the observed scatter of measured activation energies and the differences from the exciton binding energies. The A and B free excitons are separated by a very small energy splitting (3.3 meV in Fig. 5 and 3 .5 meV in Fig. 2 ) and the thermal transfer of A excitons towards B has not been taken into account in Eq. (1). In addition, the AB peak observed between the A and B exciton lines at low temperatures could have an influence on the E a1 values. The M1 II and M1 III lines can also be seen resolved on the low energy side of the A exciton suggesting the possibility of bound excitons redistributing towards the free excitons. These effects are likely to be the reason for the scatter of the fitted E a1 values and the difference of the values measured in the best samples from the exciton binding energy.
An increase of the B exciton intensity above 14 K ($0.07 1/K) which is followed by a decrease above 32 K ($0.03 1/K) can be seen in Fig. 6(a) . This increase could be associated with a thermal transfer of A excitons or/and dissociation of bound excitons towards the B exciton. Fig. 6(b) shows an Arrhenius plot of I B /I A , the intensity ratio of the A and B excitons. A significant increase of the B exciton intensity with respect to A above 23 K ($0.04 1/K) can be seen. For temperatures greater than 23 K, the B/A ratio corresponds to a Boltzmann factor exp(D/k B T) with an activation energy of D ¼ 2.9 6 0.1 meV, which is close to the spectral distance between the A and B PL lines. Such an agreement confirms the thermalisation process of A exciton towards B exciton. A similar thermalisation has been reported for GaN (Ref. 36) , where the spectral distance between the A and B free excitons is of the order of 7-8 meV. 36 As seen in Fig.  6(b) , the thermal transfer of A exciton towards the B exciton takes place at temperatures greater than 23 K, which indicates that the observed increase of the B exciton intensity above 14 K is due to the dissociation of bound excitons towards the B free exciton.
Bound excitons
The Arrhenius plot of the integrated intensity of the B free exciton in comparison with that of the M1 and M1
I components of the M1 bound exciton is shown in Fig. 7 . Using Eq. (1) to describe the experimental points of the M1 and M1
I integrated intensity did not result in a satisfactory fit. A much improved fit is achieved by assuming a dissociation process involving two non-radiative activation channels, as suggested by Bimberg et al. for bound excitons in GaAs, 37 and described by
Fitting the experimental points of the integrated intensities of the M1 and M1 I excitons by Eq. (2) resulted in the two activation energies E a1 and E a2 , as presented in Table II together  with the spectral distances between the M1, M1 I and the A, B free excitons. For temperatures below 32 K ($0.03 1/K), activation energies E a1 of 7.6 and 6.8 meV have been determined for the M1 and M1 I excitons, respectively. These values are close to those of the spectral distances between the M1 and M1
I and the B free exciton, which suggest that these excitons can be composed of a conduction band electron and a hole from the B valence sub-band. Such an assignment was proposed earlier in Ref. 24 . Therefore, the first decrease of the M1 and M1
I lines intensities can be interpreted as thermal detrapping of these excitons towards the B free exciton. This process also leads to the intensity increase of the B exciton at temperatures above 14 K ($0.07 1/K) as seen in Fig. 7 . The second activation energy E a2 has been determined as 14.4 and 18.0 meV for the M1 and M1
I excitons, respectively. This second non-radiative activation channel becomes effective at temperatures above 32 K ($0.03 1/K) where the quenching of the PL intensity of the free B exciton is also effective. The dissociation of the B free exciton into one free electron and one free hole would suggest that E a2 ¼ E a1 þ E a B with the dissociation energy 37 of the B free exciton being E a B ¼ 18.4 6 1.6 meV as described earlier in this paper. The values in Table II show that the sum E a1 þ E a B is larger than E a2 for both the M1 and M1 I excitons. However, this III , and M3 lines. The experimental data in Fig. 8 can be well fitted with Eq.
(1) and the resulting activation energies E a1 and process parameter a 1 are summarised in Table I. Table III gives the  spectral distances between the M2, M2  II , M2   III , and M3 lines and the A and B free excitons in comparison with the activation energies. Table I shows that the process parameters of the M2,  M2   II   , M2 III , and M3 lines are significantly greater than those of the M1 and free excitons. Since these parameters can provide indications of the nature of defect involved in the formation of bound excitons, 38 it becomes apparent that the nature of defect involved in the M1 bound exciton is different from that of the M2 and M3 bound excitons.
The M2 and M3 excitonic lines have previously been associated with the A free exciton. 24 The close comparison between the spectral distances of these lines from the A exciton with the determined activation energies of 6.0 6 0.6 meV and 6.4 6 0.4 meV, respectively, agrees with this assignment. In addition, it can be seen from Table III that the M2 II line can also be associated with the A free exciton. However, the activation energy obtained for M2
III is closer to the spectral distance of this line from the B exciton rather than from the A exciton, which suggests a different nature of M2 III compared to the other excitons belonging to the M2 excitonic complex.
IV. CONCLUSION
A study of the excitation power and temperature dependence of the PL of free and bound excitons in high quality CuInSe 2 has been performed. Analysis of the parameters obtained by fitting the PL spectra provides accurate values for the spectral positions and widths of the free and bound excitons.
The OR spectra, together with excitation power dependent PL measurements, identify the A and B lines as free exciton recombination involving holes from the A and B valence sub-bands, respectively. In addition, it is shown that M1 excitons are bound to shallow defects with a high concentration, whereas most of the M2 (except M2 IV ) and M3 multiplet excitons appear to be bound to more complex defects with low concentrations. The properties of M2 IV resemble those of the M1 excitons suggesting that M2
IV could be an additional excitonic component of the M1 multiplet.
The temperature quenching analysis of the A and B PL lines in the highest quality crystal leads to activation energies of 12.5 meV and 18.4 meV for the A and B free excitons, respectively. These values are noticeably larger than the excitonic binding energies and are also found to vary with sample quality. Our temperature quenching analysis revealed a thermal redistribution of A excitons towards the B exciton at temperature above 23 K due to their small energy separation.
Thermal activation energies for the M1, M2, and M3 excitons have also been determined and the assignment of the holes involved in the exciton formation was suggested. It appears that the M1 excitons are composed of a conduction band electron and a B valence band hole. In contrast for the M2 II , M2, and M3 excitons the A valence band hole is involved in their formation. For M2 III , the assignment of the hole was not conclusive. The exciton corresponding to this line might be different from the other excitons belonging to the M2 excitonic multiplet.
In addition, the analysis of the process parameters of the Arrhenius fit indicated that there is a difference in the nature of defects between the M1 excitons and the M2 and M3 excitons. 
